We have analysed the site of bovine papillomavirus type 1 (BPV-1) DNA integration in clones originating from a transformed primary mouse fibroblast cell line established by transfection of linear BPV-1 DNA. Viral DNA was integrated at a single site in the host genome with an intact early region and an almost complete long control region. Sequence analysis showed that the BPV-1 DNA was integrated at the HindlII site (the enzyme used to linearize the BPV-1 DNA for transfection) with short deletions at both ends. These deletions correspond to a 534 bp segment spanning the 3' end of the L 1 open reading frame and the replication enhancer element in the BPV-1 genome. The cellular sequences 5' to the viral integration site exhibited 85 to 97% identity to several sequences belonging to the mouse LI family of long interspersed repetitive sequences. Cellular sequences 3' to the viral DNA exhibited no significant similarity to any known sequence. The BPV-I sequences and the cellular flanking sequences were found to be amplified 45-to 50-fold. All the cell clones shared an identical integration site but one of the clones had an additional population of amplified and integrated BPV-1 DNA molecules with an internal deletion of 1136 bp in the late region. The significance of viral DNA integration at a murine long interspersed repetitive sequence containing an amplification-promoting sequence is discussed.
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Bovine papillomavirus type 1 (BPV-1) readily transforms rodent cells in vitro Lowy et al., 1980) , and therefore BPV-1 has been used as a model to study molecular and genetic properties of papillomaviruses associated with transformation. Although viral DNA in the transformed cells exists predominantly as episomal molecules (Law et al., 1981) , high Mr BPV sequences have also been observed (DiMaio et al., 1982; Law et al., 1983; Sarver et al., 1982) which consist of oligomeric catenated or head-to-tail concatenated molecules but may also include viral sequences integrated in the chromosomal DNA (Allshire & Bostock, 1986) . Integration of BPV-4 DNA has been found in transformed C127 mouse cells (Smith & Campo, 1988) . Human papillomavirus (HPV) DNA is present in most benign condylomatous lesions in the episomal form whereas integration can be detected in cervical dysplasias considered to be precursors of carcinoma, but only in lesions with a higher grade of malignancy (CIN II or CIN III; Lehn et al., 1988; Wettstein, 1990) . These observations suggest that integration may be an important event in the progression of virus infection into malignant transformation (Dfirst et al., 1985; Gissmann et al., 1987; Wagatsuma et al., 1990; Wettstein, 1990) . On the other hand, no cellular sites specific for integration have been identified in cervical cancers (Diirst et al., 1988; Wettstein, 1990) but the integration has been proposed to occur preferentially near fragile sites and oncogenes (Cannizzaro et al., 1988) . Integration is often associated with amplification of cellular flanking sequences along with the integrated viral DNA (Wagatsuma et al., 1990; Wettstein, 1990) .
During the course of our studies on papillomavirusinduced transformation, we have previously developed a series of cell lines by transforming diploid mouse fibroblasts with BPV-1 DNA (M~intyj~rvi et al., 1988) . In one of the cell lines (and derived clones), viral DNA was present in a form likely to be integrated in the host genome. In the experiments described in this report we have confirmed the integration and found the BPV-1 DNA to be amplified along with cellular flanking sequences. Sequence analysis of the virus-cell junctions revealed that the integration had occurred at a site in the host genome showing a high level of similarity to the mouse L1 family of long interspersed repetitive sequences (Martin et al., 1984) .
Primary fibroblast cultures from C57BL/6 mice were transfected by linear (HindlII-cleaved) BPV-1 DNA, and several transformed cell lines were established (M~intyj/irvi et al., 1988 1 DNA was obtained on cleaving with an enzyme with no site within the BPV-1 genome (M/intyj/irvi et al., 1988) . Therefore, line B6B31 and clones derived from it by terminal dilution were selected for a detailed analysis. Southern blot analysis of the DNA from these cell clones digested with enzymes recognizing unique sites within the BPV-1 genome and using different BPV-1 subgenomic fragment probes ( Fig In these cell clones, the HindlII site constituting the cohesive ends of the transfected linear BPV-1 was apparently lost during recircularization of viral DNA molecule as is known to occur frequently (Lai & Nathans, 1974) .
To analyse the site of BPV-1 DNA integration, DNA from B6B31-A and B6B31-C was partially digested with MboI and genomic libraries were constructed with the Lambda GEM-12 XhoI half-site Arms cloning system (Promega) according to the manufacturers' instructions. Positive DNA clones were selected by plaque hybridization with the BPV-E probe. Several independent clones obtained from the libraries were analysed by restriction mapping. Two of these DNA clones (Fig. 1 b; B6B31-A R101 and B6B31-C R201) were selected for detailed analysis as they contained the complete BPV-1 genome (Fig. lb) . Restriction maps of the clones were determined (data not shown) by comparison of the endonuclease pattern with that of BPV-1 (Chen et al., 1982) . These analyses indicated the presence of BamHI sites within the cellular sequences 5' and 3' to the viral integration site (Fig. l b) . BamHI fragments containing cellular sequences 5' and 3' to the viral integration site were isolated and cloned into vector pGEM-3Zf(-) and used for further subcloning. Subclones containing the viruscell junctions were sequenced by a Sequenase Version 2.0 kit (United States Biochemical Corporation) and analysed on a denaturing 6~ polyacrylamide gel. At the 5' virus cell junction 482 nucleotides were sequenced (131 in the viral sequence and 351 in the cellular sequence), and at the 3" virus-cell junction 498 nucleotides were sequenced (345 in the viral sequence and 153 in the cellular sequence, Fig. 3a ). Viral sequences were identical to published BPV-1 sequences (Chen et al., 1982) . The 5' viral integration site was located at position 7013 (Fig. 1 b) . There was a 53 bp deletion between this position and the HindlII site of the transfected linear BPV-1 DNA. The 3' viral integration site was located at position 6478 (Fig. 1 b) in the late region, and 481 bp had been deleted between this position and the HindlII site. Therefore, the deletion of 534 bp (6478 to 7013) in BPV-1 begins in the middle of open reading frame (ORF) L1 and extends close to the 3' end of L1, deleting the cisacting replication enhancer sequence (nucleotides 6673 to 6848) reported to be required for transient replication of BPV-1 DNA (Lusky & Botchan, 1984 ). An analysis of the B6B31-C cell clone revealed that the virus--cell integration site was identical to that of B6B31-A but there was an additional population of integrated viral DNA molecules with an internal deletion of 1136 bp (4661 to 5798) in the late region of BPV-1 (Fig. 1 b) . A search was m a d e in the G e n B a n k d a t a base to identify cellular sequences flanking the integrated viral D N A . The cellular sequence 5' to the viral integration site (147 nucleotides) was 80 to 8 7~ identical to sequences of the mouse interleukin 6 (IL-6) gene ( M U S I L 6 A ; T a n a b e et al., 1988) , the mouse proline richprotein (M14) gene ( M U S P R P C 2 ; A n n et al., 1988) , and in a reversed orientation to the mouse dihydrofolate r e d u c t a s e gene t r a n s c r i p t i o n t e r m i n a t i o n region ( M U S D H F 1 0 ; F r a y n e & Kellems, 1986), the mouse fl- Fig. 3b) . Interestingly, in all these cases, including our 5' cellular sequence, this sequence element was found to be part of a murine long interspersed repetitive sequence. O f the six sequences m e n t i o n e d above, the first four had mouse L1 sequences in their introns and the latter two are L1 elements themselves. W h e n a shorter cellular sequence (43 nucleotides) i m m e d i a t e l y 5' to the viral integration site was used in the search, a 95.3~o identity to a murine autonomously replicating sequence ( m u A R S 8 a ; Fig. 3b ) was obtained. This m u A R S 8 a was originally thought to be one of the murine D N A sequences that stimulated the amplification of cis-linked plasmid D N A in mouse cells under selective pressure (Holst et al., 1988) promoting sequences (Wegner et al., 1990; Zastrow et al., 1989) . The same 43 bp element had 97.7~ identity to L1 sequences found in the third intron of the IL-6 gene. In contrast, sequence analysis of the cellular fragment 3' to the viral integration site (153 nucleotides) revealed no significant homology to any known sequences indicating a possibility of deletion and/or rearrangements of the cellular sequences during or subsequent to viral integration. To determine whether viral DNA alone or viral DNA along with cellular flanking sequences was amplified, we cloned two DNA fragments from the 3' viral-cell junction. One was a cellular DNA fragment and the other contained equal lengths of viral and cellular sequences. As the 3' cellular sequence had no resemblance to any published sequence, it was thought it would function as a perfect single copy probe to determine the amplification. Southern blots of equal amounts of DNA from cell clones B6B31-A and B6B31-C as well as from control cells (diploid mouse fibroblasts) were done with the two probes. The amount of DNA loaded in the gels was standardized with an irrelevant T cell receptor C0t probe (Dembic et al., 1985) . Autoradiographs were analysed with a densitometer and peak areas calculated. Amplification factors were estimated by comparing peak areas of the control cells to those of clones B6B31-A and B6B31-C. Both probes gave identical amplifications (data not shown), indicating that the viral DNA was integrated at a single site and was amplified along with the cellular flanking sequences. Compared to the normal mouse fibroblast control cells, DNA Sequences in B6B31-A were amplified 45-fold (Fig. 2 d) . In the B6B31-C cell clone, DNA sequences identical to those in B6B31-A were amplified only eightfold but DNA sequences containing cellular sequences and an integrated BPV-1 genome with the additional internal deletion were amplified 50-fold (Fig. 2d) . However, clone B6B31-C clearly originates from the same parental cell as B6B31-A because it has an integration site identical to that of B6B31-A (Fig. 2d) .
BPV-1 DNA exists in transformed cells primarily as extrachromosomal multicopy plasmids without rearrangements (Law et al., 1981) . Because of its ability to transform and to exist as an episome, it has been used as a shuttle vector for studies on mammalian cell transformation (Campo, 1985; DiMaio et al., 1982; Law et al., 1983) , and to express a variety of genes in cultured cells (Mitrani-Rosenbaum et al., 1983) . However, integration of viral DN A has been observed in the continuous mouse cell line C127 and in hamster cell lines transformed with BPV-1 (Allshire & Bostock, 1986; Breitburd etal., 1981) . Our results show that BPV-1 DNA can also integrate in the genome of diploid mouse fibroblasts when they are used as targets for transformation. So far, no cellular sequences specific for the viral integration site have been found in cervical carcinoma or in carcinoma cell lines (Wagatsuma et al., 1990; Wettstein, 1990) , suggesting that integration occurs at random. However, in SiHa cells and in several specimens of cervical cancer tissue HPV-16 sequences have been found in association with human repetitive Alu sequences (El Awady et al., 1987; Wagatsuma et al., 1990; Choo et al., 1988) . Certain Alu sequences are known to have similarity with the origin of DNA replication of simian virus 40, polyoma and BK viral DNAs, and because of this sequence similarity it has been suggested that Alu family members may serve as origins of DNA replication (Jelinek et al., 1980; Johnson & Jelinek, 1986) . If this is the case, then integration of viral DNA within a repetitive sequence, at or close to a potential origin of replication may affect replication of the cellular DNA. We found BPV-1 DNA integrated close to a sequence having a high degree of similarity to many sequences known to belong to the mouse L1 family of long interspersed repetitive se-quences. If murine L1 sequences are involved in the regulation of DNA replication, integration within these sequences may lead to uncontrolled replication and growth as seen in our clones containing integrated BPV-1 DNA.
The cellular sequence adjacent to the 5' end of the viral integration site has several properties which could favour recombination. This cellular sequence is rich in A and T (65 ~) indicating an easy strand separation and exchange for the recombination event. Short sequences (9 to 10 bp) the same as those of BPV-1 are found also within the cellular flanking regions which would allow temporary alignment of the two genomes before the recombination event. Once the strands are aligned eukaryotic topoisomerases can catalyse the joining of heterologous strands at the site of cleavage (Choo et al., 1990) . Preferred topoisomerase I sites 5' CTT 3', 5' GTT 3', or their complementary sequences were found close to the recombination crossover point in our clones (Fig. 3a) . Thus, these sequences may define a type of preferential site for integration of viral DNA according to the model described by Choo et al. (1990) . Cellular DNA adjacent to the 3' end of viral DNA exhibited no significant homology to any known sequence. We believe that either a part of the genomic sequence was deleted during the process of viral integration or removed by recombination as proposed by Choo et al. (1990) .
One result of the disorderly DNA synthesis might be the amplification of a segment comprising viral and cellular DNA sequences observed in our cell lines. Amplification of DNA is commonly observed in drugresistant cultured tumour cells and is associated with the progression of tumour cells to a more malignant phenotype (Alitalo et al., 1987 , Stark & Wahl, 1984 . Wagatsuma et al. (1990) have reported amplification of HPV-16 sequences along with cellular flanking sequences and have discussed analogous phenomena in results published by other authors. In BPV-4-transformed C127 cells, Smith & Campo (1989) found amplification of specific cellular DNA sequences not only in cells containing BPV-4 DNA but also in the cells in which the viral DNA was not itself integrated and coamplified. Our results with BPV-l-transformed mouse fibroblasts indicate that cellular flanking sequences were amplified 45-to 50-fold along with integrated BPV-1 sequences. The origin of DNA replication (Yang & Botchan, 1990) , the E2 responsive enhancer element 1 (Spalholz et al., 1987) and the E10RF of BPV-1 coding for a positive replication factor (Lambert et al., 1988) are intact in our integrated cell clones and may have a role in the amplification process. These regions, intact and amplified in our cell clones containing integrated viral DNA, may be providing multiple origins of DNA replication and binding sites for transcriptional activators. Alternatively, amplification may be due to integration of BPV-1 DNA next to a 43 bp ARS-like sequence that may serve as an origin of DNA amplification (Wegner et al., 1990; Zastrow et al., 1989) .
One of the arguments for the causative role of papillomaviruses in cancer is the presence of viral transcripts in cervical cancer specimens and papillomavirus-transformed cell lines (Baker, 1990; Lambert et al., 1988; Schwartz et al., 1985) . Functional interaction between origins of DNA replication and transcriptional elements (Challberg & Kelly, 1989; DePamphilis, 1988) could mean that integration close to an origin of DNA replication may also affect viral transcription. We are currently analysing the effect of integration on the viral transcription in our cell lines.
